The development of a new HPLC-UV diode array procedure applied to follow the hydrolytic degradation of two well-known 4-nitrophenyl-1,4-dihydropyridine derivatives, nitrendipine and nisoldipine is reported. Hydrolysis of each drug were carried out in ethanol/Britton-Robinson buffer at different pHs, stored into amber vials at controlled temperatures of 40, 60 and 80°C and periodically sampled and assayed by HPLC. Nitrendipine degradation in different parenteral solutions was also evaluated. The HPLC procedure exhibited an adequate selectivity, repeatability (B1%) and reproducibility ( B 2%). The recoveries were higher than 98% with CV of 1.13 and 1.54% for nitrendipine and nisoldipine, respectively. A significant degradation was observed at alkaline pH ( \pH 8) with a first order kinetic for both drugs. At pH 12, 80°C, k values of 3.56 × 10 − 2 h − 1 and 2.22 × 10 − 2 for nitrendipine and nisoldipine, respectively were obtained. Also, activation energies of 16.8 and 14.7 kcal mol − 1 for nitrendipine and nisoldipine, respectively, were calculated. Furthermore, from the results obtained from hydrolytic degradation in different solutions for parenteral use, we can affirm that solutions significantly increased the degradation of nitrendipine. In conclusion, the HPLC proposed procedure exhibited adequate analytical requirements to be applied to the hydrolytic degradation studies of nitrendipine and nisoldipine. Furthermore, all tested parenteral solutions significantly increased the hydrolytic degradation of nitrendipine, the composition of solution being a relevant factor.
Introduction
Calcium antagonist drugs are a therapeutic class widely used in different cardiovascular conditions such as hypertension and angina pectoris [1, 2] . Chemically, are represented by the 1,4-dihydropyridine group, being such pentasubstituted nucleus the pharmacophore. Normally, these substitutions include a lipophilic ring in 4-position, short alkyl chain groups in both 2 and 6 positions and ester functions with variable alkoxy length chains in both 3 and 5 positions. The pharmacological activity depends on both, the integrity of the chemical structure and the stereochemistry, which must be retained to develop the optimal interaction with the receptor and thus get the pharmacological and therapeutic efficacy. Obvi-ously all changes in the pharmacophore induces changes in its pharmacological or toxicological properties [3] .
For these reasons the study of drug stability acquires an important pharmaceutical relevance, and is an important factor to determine both efficacy and toxicity. Commonly it is not enough to know the drug amount declared in pharmaceuticals, but is desirable to know if degradation occurred and the kind of the degradation products [4] . Taking into account that as a consequence of drug degradation generally minimal chemical changes are produced, selective analytical tools for the quantification and/or identification of the degradation products are required. Consequently, developing analytical procedures that permit the selective determination of both, the 1,4-dihydropyridine compounds and its degradation products are an interesting challenge for a pharmaceutical analytical chemist.
Considering the relevance of drug stability on the therapeutic efficacy, in this work the hydrolytic degradation of two calcium antagonist drugs, widely used in cardiovascular therapy, as nitrendipine and nisoldipine ( Fig. 1) is studied.
There are a lot of works related with analytical procedures devoted to determine 1,4-dihydropyridine compounds. This type of drugs has been assayed in biological fluids by GC with electroncapture [5, 6] , nitrogen detection [7] , mass spectrometric detection [8] [9] [10] , HPLC with UV [11] [12] [13] , electrochemical [14] [15] [16] and amperometric detection [17] . Furthermore, screening techniques have been carried out for several 1,4-dihydropyridine drugs. Daylight degradation products using GC-MS [18] and the chemical stability and pharmacokinetics in rabbits of amlodipine by HPLC-UV have been informed [11] . The pharmaceutical form analysis includes mainly HPLC [18] [19] [20] and voltammetric techniques [21] [22] [23] .
On the other hand, there are some works related with stability studies involving photodecomposition of, nisoldipine assessed by UV derivative spectrophotometric technique [24] , inclusion complexes of isradipine with methyl-b-cyclodextrin [25] , nifedipine in powder [26] and nifedipine in selected pharmaceutical preparations [27] . Also, the effects of photodegradation products of nifedipine in dog erythrocyte membranes [28] and our previous electrochemical studies on nisoldipine [29] , nitrendipine [30] , furnidipine [31] and nicardipine [32] have been reported.
Up to day, literature does not report systematic studies about the hydrolytic degradation of 1,4-dihydropyridines in a whole range of pH or in solutions of different compositions. Nevertheless there are some studies devoted to degradation of 1,4-dihydropyridine drugs, such as amlodipine, isradipine and nicardipine in simulated pharmaceutical forms [33] [34] [35] , but these studies did not contain information about kinetic parameters. Moreover, recently HPLC coupled with mass spectrometry technique has been used to try to establish the identity of a number of degradation products from a bulk drug form of isradipine at different experimental conditions [36] .
In this work we are reporting about a new HPLC procedure useful to study the stability of nitrendipine and nisoldipine. This procedure has been successfully applied to the quantitative assessment of the hydrolytic degradation kinetic of these drugs at different pH and media conditions. These types of studies could give basic information to support the feasibility of a possible presystemic degradation due to the extreme pH conditions of the gastro-intestinal tract, considering that these drugs are commonly administered by oral route. Furthermore, this type of studies also could provide a useful knowledge to developed new oral liquid dosage forms.
Experimental

Reagents and drugs
Nitrendipine and nisoldipine (100% chromatographically pure) were obtained from Bayer and Labomed Laboratories (Santiago, Chile), respectively. All other reagents employed were of analytical or HPLC grade. The water was double distilled and deionized (Milli-Q quality).
Glucose 5 and 10%, Ringer-lactate, glucosaline and physiologic solutions supplied by Sanderson Laboratories (Santiago, Chile) were used as the parenteral pharmaceutical vehicles.
Buffer solutions
Solutions for the HPLC studies were buffered using a 0.05 M buffer phosphate solution (disodium hydrogen phosphate anhydrous salt) adjusted at pH 3 with phosphoric acid. Degradation trials were carried out using 0.04 M BrittonRobinson buffer (acetic acid/boric acid/phosphoric acid) adjusted to the desired pH with NaOH solutions.
Apparatus
High performance liquid chromatography (HPLC)
HPLC measurements were carried out by using a Waters assembly equipped with a 600 model Controller pump and a 996 model Photodiode Array Detector. The acquisition and treatment of data were made by means of the Millenium version 2.1 software. As chromatographic column a mBondapak/Porasil C-18 column, 10-mm-particle size (3.9 mm× 150 mm) and as column guards a C18 mBondapak (30 mm× 4.6 mm) were employed. The injector was a 20 mL Rheodyne valve.
Mobile phases
For nitrendipine a gradient elution composed by a solution consisting of acetonitrile-phosphate buffer (pH 3; 50 mM) (37:63, v/v) was used. The following linear gradient was used: 9.5 min isocratic elution with this mobile phase at 2 ml min − 1 and then a gradient program with increasing flux of 0.1 ml min − 1 for 5 min. The working temperature was 35°C.
For nisoldipine a gradient elution composed by methanol-phosphate buffer (pH 3; 50 mM) in a gradient program starting from a 20:80 v/v mobile phase ratio with a linear gradient for 10 min to reach 40:60 v/v and then a new linear gradient for 15 min to obtain a final ratio of 60:40 v/v of the mobile phase in a total time of 35 min at a constant temperature of 37°C was used. The flux was kept constant at 1.5 ml/min.
Degradation trials
Buffer solutions were spiked with nitrendipine or nisoldipine to obtain initial concentrations ranging between 5.0× 10 − 4 to 9.0×10 − 4 M and 1.0× 10 − 2 to 1.0× 10 − 4 M for each drug, respectively. The solutions were divided in a number of amber vials of 2 ml (one for each point of the degradation curve) and the vials placed in a heater at 80.090.2°C. Vials were removed from the heater at selected time intervals, immediately cooled in ice to quench the reaction, and kept in the freezer until HPLC analysis when it was necessary. Prior to HPLC analysis, solutions were diluted 1:10 with 50 mM phosphate buffer pH 3 when it was necessary.
Degradation was monitored over at least three half-lives. Experiments were carried out in duplicate. 
Degradation in parenteral solutions
The same protocol was followed for each drug, but the pH was not adjusted, maintaining the pH of the parenteral solution, which varied according to the following: Ringer-lactate pH 7.4, Physiologic solution pH 7.2, Glucosaline solution pH 6.4, 5% Glucose pH 6.9 and 10% Glucose pH 7.1.
Statistic analysis
Comparison between different techniques, as well as the comparison with standard deviations, were carried out by means of the Student's t-test, and using significance limits between 95 and 99% of confidence [37, 38] .
Results and discussion
In this work a new analytic procedure to follow the hydrolytic degradation of two 1,4-dihydropyridine drugs, nitrendipine and nisoldipine (Fig. 1) is proposed.
Typical HPLC chromatograms of each parent drug and its hydrolytic degradation products in optimal chromatographic conditions are shown in Fig. 2 . The optimal conditions were a programmed linear gradient elution containing acetonitrile-phosphate buffer (pH 3; 50 mM) (37:63, v/v) for nitrendipine and methanol-phosphate buffer (pH 3; 50 mM) for nisoldipine, as described in detail in the experimental section.
As can be seen from Fig. 2 times for hydrolytic products were significantly lower than those of the parent drugs. In the case of nisoldipine, such retention times were significantly different between them. However, for nitrendipine the difference was light. This results could be explained based on the nature of the substituents, thus nitrendipine possesses methoxy-, ethoxy-groups on the carbonyl moiety versus methoxy-, isobutoxy-groups for nisoldipine. Consequently, these structural differences could confer different lipophilic characteristics at each hydrolytic product, producing these different retention times.
As expected, parallel with the time-course of the hydrolysis, a decrease of the original peak corresponding to the parent drugs occurred with-out any interference with other signals. Thus, the developed method becomes sufficiently selective to discriminate each drug and their corresponding hydrolytic products, being a useful tool to follow this type of degradation. Data of Fig. 2 correspond to a 78 and 84% degradation after 48 h of alkaline hydrolysis (pH 12), for nitrendipine and nisoldipine, respectively. In conclusion, retention time values of 17.8490.56 and 28.869 0.15 min in the optimal experimental conditions for nitrendipine and nisoldipine respectively, were obtained. Fig. 3 shows the time-course of the hydrolytic products during 20 and 75 days for nitrendipine and nisoldipine respectively, at 80°C and pH 10. As can be seen from this figure, in the case of nitrendipine (A) the hydrolytic product with t r = 7.38 min (peak 3) was formed at higher quantity than the other products. Likewise, the hydrolytic product of nisoldipine (B) with t r =4.78 min (peak 4) has the same behavior. In both cases the shape of the plots were similar, a rapid increase of the main products and then their decrease, probably due to generation of other hydrolysis products or the final product, the diacid derivative (data not shown). 2.1×10 In Table 2 , the analytical assessment of the new HPLC procedure for both drugs is summarized. From the obtained analytical parameters it can be concluded that the method fulfils analytical requirements with an adequate repeatability (B 1%) and reproducibility (B 2%). The recoveries were higher than 98% with CV of 1.13 and 1.54% for nitrendipine and nisoldipine, respectively. On the other hand, concentration ranges for calibration curves seem to be adequate to follow degradation with detection and quantitation average limits about 1.96×10 − 7 and 2.6× 10 − 6 M, respectively.
The developed HPLC methodology was applied to follow the hydrolytic kinetic degradation of the 1,4-dihydropyridine drugs. For the analytical application, hydrolytic studies in the whole range of pH were conducted. However, only at pH\ 8 detectable degradation was found.
To test the kinetic order of the hydrolytic degradation, experiments varying both initial concentration and pH were performed. As can be seen from Fig. 4 , changes in the initial concentration did not affect the slopes of the decay curves. Consequently, from both the linearity of plots log c versus t and the fact that slopes of such plots remain unaltered, a first order kinetic for the hydrolytic degradation for these drugs can be assumed [4] . In Fig. 5 typical decay plots for nisoldipine and nitrendipine in Britton-Robinson buffer at pH 12 and a controlled temperature of 80°C with their corresponding linearization are shown.
In Fig. 6 the decay plots at different pH are shown. As can be seen, from pH 8 the hydrolytic degradation of both drugs is notoriously increased with pH, but the magnitude of the calculated constants for both drugs do not differ significantly between them, nitrendipine being slightly more labile than nisoldipine in these hydrolytic conditions. Furthermore, from the behavior of the calculated decay constants with pH, represented in Fig. 7, it for nitrendipine and nisoldipine, respectively were calculated. These values are in agreement with those reported for different drugs containing ester groups in their structure [4] . Interestingly, extrapolated t 90 values at 25°C and pH 12 of 177 and 205 days for nitrendipine and nisoldipine, respectively were obtained [4] .
In order to test the catalytic effects of wellknown parenteral solutions on the hydrolytic degradation of this type of drugs, 5 and 10% glucose, Ringer-lactate, glucosaline and physiologic solutions were tested for nitrendipine. Comparisons between hydrolytic degradation in buffer solutions and in the above described pharmaceutical vehicles at the normal pH of these preparations (pH 6.4-7.4) were carried out. Surprisingly these results show that the presence of the parenteral solutions, significantly increased the hydrolytic degradation of nitrendipine compared with those obtained in Britton-Robinson buffer at pH 8.0 (Table 3) . It is necessary to remark that pH 8 was the minor pH in which the degradation phenomenon was observed in this buffer solution.
Furthermore, degradation of nitrendipine was increased 48.1-fold in Ringer-lactate solution compared with normal buffer pH 8 and in the extreme case, an increase of 115-fold in the rate of degradation in the presence of 10% glucose solution compared with control, was noted. In general terms, these results would indicate that the increase in the rate of degradation when changing from Britton-Robinson buffer solution to parenteral solutions, depends on the composition rather than the pH solution.
Conclusions
1. The HPLC proposed method exhibited adequate analytical requirements of repeatability, reproducibility, accuracy and selectivity to be applied to the hydrolytic degradation studies of nitrendipine and nisoldipine. 2. At the best of our knowledge, no studies on the hydrolysis of nitrendipine and nisoldipine have been reported in literature, therefore the present study appears to be relevant for these two 1,4-dihydropyridines of therapeutic importance. In addition, considering that ester ).
groups at 3-and 5-positions are essential to its pharmacological activity, the degradation products generated by the hydrolysis would lack of therapeutic activity [3] . 3. All tested parenteral solutions increased the hydrolytic degradation of nitrendipine over the range of 6-7. Thus, when compared with Britton -Robinson buffer solutions at the same pH, the composition of the solution appeared to be a relevant factor.
